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X-RAYDIFFRACTIONSTUDYOFTHEINTERNALsmucm
OFSUPERCOOIJIOW&TER

By RobertG.DorschandBemroseBoyd

A BraggX-rayspectrometerequippedwitha volume-sensitiveGeiger
counterandSoilerslitsandemployingfilteredmolybdenumI@ radia-
tionwasusedto obtaina setof diffractedintensitycurvesas a func-
tionofangleforsupercooledwater.Dtifractedintensitycurvesin
thetemperatureregionof 21°to -16°C wereobtained.Theminimum
betweenthetwomaindiffractionpeaksdeepened.continuouslywith
loweringtemperate,indicatinga gradualchangeintheinternal
structureofthewater.Nodiscontinuityinthistrendwasnotedat
themeltingpoint.Theinternalstructureof supercooledwaterwas
concludedtobecomeprogressivelymoreice-likeasthetemperature
islowered.

INTRODUCTION

Recentinvestigationsofthespontaneousfreezingtemperatures
of supercooledwaterdropletswithinthesizerangeof dropletsfound
intheatmosphereinicingcloudsindicatethepossibilitythattwo
differentmechanismsmayinitiatecrystallization:(1)Heterogeneous
nucleation(nucleationinitiatedby foreignmaterialsuchasundissolved
particles)appearstobepredominantinthelessersupercooledtempera-
turerangeandmayexplainthestatistical.dependenceofthefreezing
temperatureondropletsizeindicatedinlaboratoryexperimentson
dropletssupportedbya surface(references1 and2),(2)Laboratory
investigationsofdropletcloudsandsublimationintheneighborhood
of -38°to -42°C indicatea veryM.@ nucleationrateatthesetempera-.
tures(references3 to 5)whichindicatesthepossibilityofhomogeneous
nucleationby groupsof atomsornmleculesofwateritse3f.

Severalexplanationsofhomogeneousnucleationwhichsuggestthat
theinternalstructureofthesupercooledwatermaybe responsible
fortheformationofthehomogeneousnucleusor embryohavebeenproposed
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2 NACATN 2532

(references6 and7). Thequestionsthatareraisedtherebyaxe:

(1)Isthestructmeofsupercooledwaterdifferentfromthatof
waterabovethemeltingpoint?

(2)Istherea variationofthestructmeof supercooledwater
withtemperature?

~(3)Isthestructureofsupercooledwatermoreice-Mkethanthat
ofwaterabovethemeltingpoint?

Thecrystalstructureoficehasbeenstudiedby manyinvestigators
-usingX-raydiffractiontechniques,andan accurateknowledgeofthe
positionsoftheoxygenatomsinthelatticehasbeenestablished
(references8 to 12). BecauseofweakcoherentX-rays@ter@ by
hydrogenatoms,theexactpositionofthehydrogenatms inthecrystal
latticewasnotlmownwithcompmble certainty.Recentneutron-
diffractionstudiesofice,however,havenowlocatedthepositionof
thehydrogencenterswithreasonablecertainty(reference13).

Thec15ffractionofX-raysby liquidwaterattemperaturesabove
0°C,hasalsobeenthoroughly-investigated(references11and14to
17). Thegeneralstructureofwaterisnowwelllmown.Typicalof
mostMqulds,thereisa lackof longrsmgeMier oftheatoms,buta
shortrangeorderdoesexist.Thestructweofwaterisessentially
tetrahedral,thatis,eacho~genatomistetrs.h.edral.lys~oundedby
fouroxygenatomswithonehydrogenatomlocatedonthecenterline
ofeachpatiofoxygenatoms.In icethisarrangementextenbthro@-
outthecrystal,whereasin liquidwater,wherethemoleculesaxenot
stronglyboundbutcanreadilymoveabout,onlyan averagelocalorder
exists.Thisconditionwasdescribedinreference17by theterm
%roken-downicestructure”,thatis,eachmoleculeisontheaverage
boundtet-edrallyto approx3matel.yfourneighbmingmoleculesasin
ice. Thesebondssxenotpermanentbutarecontinuallybrokenand
reformedsothatatanyinstanta moleculeisboundto lessthanfour
neigliboringmoleculesandhasotherneighborsata continuousvsrietyof
distances.This‘fillingin”accountsforthegreater*nsityofwater.
Thereisgoodqualitativeagreementamong$hemanyinvestigatorsthat
thisinternalarrangementordegreeoforderistemperaturedependent;
thatis,asthetemperatureofwateris loweredthestructureappears
tobecomemoreice-Mke.As earlyas 1933,BernalandFowler(refer-
enceIl.)classifiedthestructmeofwaterbelow4° C as ice-tridymite
like.Itwassuggested“thisarrangaentmightbe expectedtobe
commonh supercooledwater”.

Inasmuchas exp=imentalX-raydiffractiondataon supercooled
waterwerenotavailable,an exp&3mentto extendthedataintothe
supercooledregionwasundertakenattheNACALewislaborat~ asa
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partofan investigationofthefundamentalpropertiesof supercooled.
waterdropletsfoundinicingclouds.

Becausesupercooledwaterprobablycannotbe circulatedina
systememployinga jet(references15to 17)withoutcrystal13.zingand
becausetheprobabilityofaccidentalseeding(suchasby a frost
particlefromabovetheah-waterinterface)increaseswithtime,a
methodmustbe usedwhichcombinesa suitablesupportfortheliquid
andhighX-rayintensitytoreduce~osure time. Themethodchosen
forthisinvestigationisessentiallythatusedinthepioneerinvesti-
gationsof liquidsby StewartandMorrow(reference18)-withtheioni-
zationchamberreplacedby a volume-sensitiveGeigercounter.

APPARATUSANDmmum

A BraggX-rayspectrometerequippedwitha Geigercounterand
SoilerslitswasemployedusingfilteredmolybdenumKd radiation
(figs.1 and2). A zirconiumotidefilterwasusedattheGeigerttie
entrance.EachSoilers13tsystemconsistedofninechannels0.017
inchwideby Q.365fichhighwithleadspacers0.005inchthick.A
Soilerslitl;incheslongwasmountedbetweentheX-raytubeandthe
sdmpleanda shilarone~ titheslongwasmountedbetweenthesample
andtheGeigercounter.TheX-raytubecurrentwasheldconstantby
an externalcurrentcontrollerthatautomaticallyadjustedthefila-
mentcurrentto compensateforanychangesinttiecment.

Thewatersample(1 to 2 cc)wasina cylindricalglassthe
(O.66-cmdiam)whichwasblownwitha thin-walledcentralsectionforthe
transmissionoftheradiation.Thegreaterwallthicknessat topand
bottomfaci~tatedmountingandreducedbreakage.Thesamplewas
rotatedat 10rpmby a synchronousmotortoreducetheeffectof
irregularitiesthatmightbe presentintheglasstube. Thetemperature
ofthesamplewasmeasuredby an iron-constant-anthermocoupleencased
ina 1/16-inchdiameterstainlesssteeltubeplacedjustabovethe
regionexposedtotheX-raybeamandwasrecordedby a self-balancing
potentiometer.Thethermocouplettiealsoactedasa gentlesttier.
A double-walledcontainerwithentranceandexitslotsfortheX-ray“
beamwasfilledwitha low-temperaturemixtureofalcohol,water,and
dryiceandplacedaroundthewatersample,whichwastherebycooled
by radiation.Thebathwaskeptattheproperslushpointby adding
dryice. Inadditionto thesimplicityofthismethod,therewere
severaldesirablefeatures:(1)therateofcoolingwaslow,which
wasanadvantigewhensupercoolingsamplesofthissize,(2)theentire
sampletube,exceptatbeamentranceandexitopenings,wassurrounded
by a constazrttemp-aturewall,and(3)thebathwallswerecolder
thanthesample,whichkepttheglassthe freeofmoistureandfrost
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depositsontheoutersurfacesticethefrostformedonthemetalsleeve
ratherthanontheglasssamplettie.Becausethesampletubewasrotated,
theratherlarge,recessedX-rayexitopeninginthebathwallsforthe
scatteredradiationdidnotTroduceprohibitivetemperatureinhomogenei-
ties.Thetemperaturewasreadilyheldtothedesiredvaluewithin
5X1.5°C andh smnerunswithin&Oo20C. AU waterusedintheexperi-
mentwastripledistilled.Specimensofthispuritywerereadilysuper-
cooledto -80C andusuallycouldbe heldattemperaturesinthisrange
for4 to 6 hourswiihoutdifficul~althoughoccasionalspectienscrys- IsJ
tsllizedmch sooner,probablybecauseoficecrystalsfawn titothe E
waterfromregionsabovetheair-watertiterfaee.Difficultywasencow
tered,however,inkeepingsamplesattemperaturesbelow-8°C by this
methodfora sufficientlylongperiodtopermitobtaininga ccmrplete
diffractionpictureoftheregionofinterest.A singleccuupleterun
(a~o-tely 3 hrs)wasobtahedwiththesampleat -16°C us= a
freshlyblowntubeandthetriple-distilledwater.

Dataruns weremadeby obtainingthenumberof countsina l-minute
titervalat eachgoniometersetthg. Read@gsweretakenat1/4°interv-
als inth~regioncontainingthetwomaindiffractionpeaks,O11”to 21.0,
andat1/2 or1° intervalsfortherestoftheregionfromO to 90°.
Thel-mute countingperiodwasa compromisebetweenthedesirability
ofshorttitsruntimesfranthestandpointofavoidingaccidenlxd
crystallizationandtheneedforlongcountingtimesforcounterstatis-
ticalaccuracy.Inasmchasthecountingrateswithintheangular
regionofinterestwerebetween450and2500countsperminute,the
countinglossestietotherecoverythe ofthecounterweresmalland
thereforewereneglected.In orderto obtainreasonablestatistical
accuracy,severalruns(8to 15)weremadeat eachtemperatureandthe
finalcurvespresentedrepresentaveragevalues.Successiverunswere
madein oppositeangulardirectionstominimizetheeffectof anytime
dependentchangesin intensityoftheX-raysource.

Severalcorrectionstothecurvesofdiffractedintensityasa
functionofanglewerenecessary.Thefirstcorrecticmeliminatedthe
effectof scatteringby theglasstube.Forthispurposea diffuse
diffractedintensitycurve(averageof severalruns)fortheempty
glasstubewasobtainedandcorrectedforabsorptionby thewater
sample(reference19). Thiscorrectedglass-diffractedintensitycurve
wasthenmibtractedfromthecurveobtainedforthewaterandglass.
Thediffractedintensitycurvewasthencorrectedforself-absorption
by thesupercooledwatersample(reference20). Finally;thediffrac-
tedintensitycurvewascorrectedforthereductioninmeasuredinten-
sityduetopolarization(reference20).

.
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RESULTSANDDISCUSSION.

The average diffractedintensitycurves,rangingfrom21° to -8° c,
correctedforabs~tion,polarization,andscatteringby theglass
container,areshowninfigure3. A diffractedintensitycurvefora
singledatarunat -160C isindicatedinthesamefigureby a dashed
line;inaddition,thepositionsandrelativetitensitiesofthetwo
mostintensediffractionpeaksforice(reference8)areshown.The
curvesat 21°and4° C wereobtainedfordirectcomparisonwiththe
supercooleddataandareingoodagreementwithpreviouslypublished
datainthistemperatureregionalthoughtheresolutionofthetwo
prominentpeaksissomewhatinferior.Thissa~ice inresol~
powerwasnecessaryb orderto keepthet- requiredforthesuper-
cooleddatarunstoa mitiumandthusreducetheprobabilityof
accidentalcrystallizationofthewatersample.

There arethreeinterestingfeatwesofthissetofdiffracted
intensitycwves (fig.3): (1)Themostprond.nentpeakshowsa
smallbutcontinuousshifttowardsmallerscattmiqganglesasthe
temperatureis lowered. 6Thepeakshiftsfrom13°L5’at 21 C to
12°40’at -8°C. (2)Theseconddiffractionpeakshowsnotendency
to s~t angularpositionwithtemperaturebutrematisat a scatt~ing
angleofappro~tely 18°20’throughoutthetemp~turerangeinves-
tigated.(3)Themoststrildngfeatureofthesetof&lffractedinten-
sitycurvesisthegradualdeep-g oftheminimumbetweenthetwomain
peaksasthetemperature’isloweredintothesupercooledr~ej that is,
thesecondpeakbecomesmoresharplyresolved.Thisisa continuation
ofthetrendfoundby otherinvestigatorsattemperaturesabovethe
meltingpointandisan indicationthattheinternalstructmeofthe
waterisapparentlychangingina ~adualandcontinuousmnner asthe
&gee ofsupacoolingis increased.No discontinuityinthistrend
occursatthemeltingpoint.Analysisofdiffractioncurvesabovethe
meltingpointby ~eviousinvestigators(references11and17)indicate
thattheincreaseinresolutionofthissecondpeakasthetemperature
isloweredisdueto a moreice-lJJseinternalstructureofthewater
Sampk. Therefore,a reasonableconclusionthatcanbe drawn,forthe
tempaaturerangeinvestigated,isthatthesupercooledwgrtaisbecom-
@3 Pro~essivelYmoreice-likein struclmeasthetemperatureiS
lowered. This bend is consistentwiththedensitychangewithtempera-
tureof supercooledwaterreportedinreference21andshowninfi~e 4.
Thedensityofwaterdecreasesthroughoutthesupercooledrangeindica-
tedimthefigure.Thisdecreasecouldonlybe explainedby a gadual
-e ~ the~t~l =~ement ofthewatermoleculest-d a
lesscloselypackedstructure.

. . . . . ______.. _ .. —. —_____ __ —— ___
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CALCULATIONOFSPON’JYW30USl?REEZING~

tion
that

FROMDIFFRACTIONDATA

Varioqstheoriesofthemechanismoftheinitiationof crystalliza-
of supercooledwaterby homogeneousnucleationinvolveassumptions
theinternalstructureof supercooledwaterbecomeslocallymore

ordered,ormoreice-like,asthetemperatureis loweredj that is,
groupsofmoleculesformorderedaggre~es ormicrocrystalswhich
canactasfreezingnuclei.Whetherornottheseaggregatescan
initiatecrystallizationdependsontheirstructure,theireffective
size,andthetemperatureofthesupercooledwater.Inasmuchasthe
X-raydiffractiondataofthisreportindicatethattheinternal
structureofsupercooledwaterapparentlybecomesprogressivelymore
ice-likeasthetemperatureis lowered,qualitativesupportislent
tothesuggestionsappearingintheliterature(forexamplereference
thatthespontaneousfreezingtemperaturecanbecalculatedtheoreti-
callyfromtheThomsonequationpresentedinreference22. The
temptiatureT&,atwhich
r caninitiatefreezing,

an isomorphicparticleofequivalentradius
as givenby theThomsonrelationis

TM-Tr 2uM
— _—
TM ‘rQp

where

TM meltingpointof substance(273°K forwater)

a inttiacialsurfaceenergybetweenllquidandsolid(computedby
anapproximaterelationsuggestedby Volmerinreference22,
p. 181ttobe 10.5q3s/cm2forwater)

M molecu2arweight(18forwater)

Q molec- heatoffusion(1440cal/mole= 6.03X 1010ergs/mole
forwater)

P densityofsolidphase(0.92g/cm3forwater)

7)

In ice,eachmoleculeis surrounded.by fourothermoleculesata
radialdistanceof2.76A witha secondsetofneighbasata radial
distanceof4.51A. Inreference7,theradiusofthissecondsphereof
cooriMnationforiceisassumedtobe theeffectiveradiusofthe
homogeneousnucleusandthespontaneousfreezingtemperatureofsuper-
cooledwateriscalctitedfromtheThomsonequationtobe:

——._
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Tr .TMZ

Thiscalculatedspontaneousfreezing
experimentalresultsofreferences3

-41°c

temperatureagreeswelJwiththe
and4.

~ order fortheThomsonequationtobe va~.d,theparticle
actingasnucleusmustbe trulyisomorphicbecausenotermthattakes
intoaccounttheworkofnucleusformationis ticluded.H itis
assumedthatthemicrocrysta~presentinsupercooledwaterhavea
latticestiuctureidenticalwiththatof iceatthespontaneous
freezingtemperature,thesemicrocrystaharetrulyisomorphicnuclei
andtheequationcanbe applieddirectly.Thiscalculationtherefore
dependsontheassumptionthatthe4.51A sphereofcoordinationfound
intheicelatticeisalsopresentinsupercooledwater.Inrefer-

. ence17,theradialdistributioncurvescalculatedformoleculesabout
a givenmoleculeforwaterat 1.5°C.showa markedconcentrationof
neighborsat a distanceofabout4.5A. Thus,ifice-likemicro-
crystalsofabout4.5A radiuswerepresentin supercooledwaterat
approximately-41°C,theywouldinitiate’crystallizationatthis
temperatureasnoworkofnucleusformationwouldbe neededandtheir
radiuswouldbe ofsufficientsizetopermitgrowth.

.

TheX-rayMffractiondataofthisreportlend
tothetheoryofnucleationpresentedjhowever,too
notbeplacedona calculationofthistypeforthe
reasons:

qualitativesupport
muchreliancecan-
following

(1)Thereis stilla questionastowhetherfreezingofwater
dropletsorUrect stilima.tionoccursin cloudsattemperaturesinthe
regionfrom-38°to -42°C

(2)Heterogeneousnucleation(suchasthatdueto ionsfrom
dissolvedsalts,reference23)
region(seereference5)

(3)Inreference24itis
to -72°C (althoughasyetnot

maybe active

reportedthat
duplicatedby

eveninthistemperature

waterhasbeensupercooled
others)

(4)Theliquid-solidinterracialsurfaceenergyisnotknownpre-
cisely

(5)TheX-raydiffractiondatiofthisreportextendonlyas low
as -16”C.

,

Diffractedintensity

SUMMARYOFIW’YJECS

curvesusingfilt~ed

.— —._ —z -—._ ...

molybdenumlW
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radiationrepresentingtheaverageofseveralrunswereobtainedinthe
temperaturerange21°to -8°C. A diffractedintensitycurvefora
singlerunat -16°C wasalsoobtained.Thehportantfeaturesofthe
setof diffractedintensitycurvesare: (1)themostprominentpeak
shiftedfroma scatteringangleof13015’at210C to lZo40’at
-80C, (2)thesecondMfractionpeakremainedat anapproximatelyfixed
angleof 18°20’throughoutthetemp=aturerangeinvestigated,(3)the
mhdmumbetweenthetwomaimpeaksdeepenedcontinuouslyasthetempera-
turewaslow~ed,resultingh betterresolutionofthetwopeaksas
thetemperaturewaslowered.

It isconcludedthatthechangesh thediffractedintensitycurves
srean indicationof changesintheintanalstructureofthesuper-
cooledWat=,whichapparentlybecmespro~essivelymoreice-lLkein
structureasthetemperatureis lowered.

LewisFlightPropubionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June29,1951
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Scatteringangle, deg
Figure3.-Diffiactid Intamlty -es of water andSupercooledwaterbetween21°
-d -16°C uorreotedforabsorption.andplarlzation3 wavelen@b appmximate~
0.71aKl&9tw3ms.
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